Abstract. Based on the traditional Mn13, the super-high manganese steel Mn18 was melted by means of adjusting the amount of C, Mn, adding a certain amount of alloying elements Cr, Mo etc and modification. The results show that with low-impact energy abrasive wear for 60 minutes, the wear resistance of super-high manganese steel Mn18 was greatly improved by contrast with that of Mn13, and the hardness of wear surface was increased slowly with the elapse of the wear time. However, under the high impact energy, the wear resistance of Mn18 is 1.5 times as high as that of Mn13, and the hardness of wear surface was increased to HB440 in a short time. The main wear forms were: cutting, gouging wear and plastic deformation. Typical TEM morphologies of subsurface wear structure consist mostly of high density dislocations, deformation bands.
Introduction
As wear resistant material, high manganese steel has good wear-resistance that other materials can not be compared, especially in abrasive wear and gouging abrasion under intense impact and high pressure condition. So it is used in machinery equipments of metallurgy, mine, building material, railway, electricity and coal. But for heavy section works, it may exist big carbides in the inner of high manganese steel if it was treated with water toughening. And that is just the reason for decreasing of the usable performance of the works, what is more, brittle fracture will occur in the low temperature. In recent years, to enhance its ability of work hardening and improve the usable performance in the low temperature, people have developed super-high manganese steel which contains more Mn element and other alloy elements than high manganese steel. The material has been used in the area such as cement, mine and so on., and all of them have good efforts. Study on super-high manganese steel is important in the increment of useful life of heavy section works under intense impact condition, so it becomes more and more importance in the theory and application [1] [2] [3] .
In this paper, we have studied the wear-resistance and impact abrasive wear behavior of super-high manganese steel through simulating work condition of impact abrasive wear, and it can provide experimental evidence in the application of the steel under gouging abrasion condition.
Materials and Procedure
Materials. The experimental materials were smelted in a 150kg medium frequency induction furnace adopted non-oxidation process. The liquid steel was poured into Y-shape mold from which several kinds of samples were taken. The chemical compositions of the tested samples are given in Table 1 .
Procedure. The heat treatments of the samples were carried out in the typed SX-4-12 high-temperature furnace. The ordinary high manganese steel used traditional water toughening treatment, solution treated at 1050℃ for 4 hours and then water quenched; the super-high manganese steel adopted precipitation strengthening heat treatment process, solution treated at 1100℃ for 4 hours and then water quenched, next, when the temperature down to room temperature, increased the temperature to 250℃, kept the temperature for 4 hours and then cooled in the air. Using Wire-Cut method got the test samples with required shape and size from casting bulks. Cobblestone was used as the abrasive, the granularity was 1~3mm. Impulse hammer mass is 10kg, the selected impact energy are 0.5J,1.0J,2.0J and 3.0J respectively, the impact frequency is 200 times per minute. 40Cr as raw material of the abrasive disk with the external diameter is 50mm and the internal diameter is 30mm, the running speed of the disk is 200r/min. The abrasives flow is 350ml/min and the wear time is 60min. The reciprocal value of the weight loss impacts was known as the wear resistance. After the impact abrasive wear, the abrasion loss was measured by electronic balance with precision 0.1mg, the worn surface morphologies were analyzed by JSM-5610LV SEM. H-800 typed TEM was used to observe deformation microstructure in the worn surface layer.
Results and discussions
Impact energy effect on wear resistance. and impact energy of two tested materials Fig.1 shows the relation between the wear resistance and impact energy of the two samples, we can see that, the change trends of the wear resistance for the two samples are roughly the same, the wear resistance is higher under a high wear impact energy. The wear resistance of super-high manganese steel Mn18 is greatly improved by contrast with that of Mn13, especially when the impact energy is 3.0J, the wear resistance of Mn18 is 1.5 times more than that of Mn13. Fig.2 shows the relation between the hardness of worn surface and impact energy of the two samples after 60min abrasion, we can see from the figure, the hardness of Mn13 increases slowly when the impact energy increases to 2.0J, basically stable at HB350. But the hardness of Mn18 increases quickly when the impact energy increases to 2.0J, the hardness can reach to 440HB in a short time, as the impact energy continue to increase, the hardness become increase slowly.
From the Fig.3 (a) we can see, the main worn surface morphologies of Mn13 are cutting furrows and pits caused by repeated plastic deformation under the impact energy of 0.5J. Fig.3 (b) shows the worn surface morphology of Mn18,the worn surface hardness of Mn18 is HB404 after 60min abrasion under 0.5J impact energy condition , we can see from the figure, there exists some chisel pits and micro-cut marks, this indicates that the main wear forms are micro-cutting and chisel pit deformation, the abrasion loss is large, so the wear resistance of Mn18 under0.5J impact energy condition is poor. When the impact energy increased to 3.0J, the impact force on the sample caused by abrasive further increased, the obvious plastic flow in the worn surface of Mn13[ Fig.4(a) ], the impact force was great enough for the carbides in Mn18 peeling off. At the same time, due to the presence of shear stress, the microstructures of worn face can prevent the invasion of abrasive, these led to the scratches became shallow, the chisel pits decreased and minor pits occurred[ Fig.4(b) ], so the abrasion loss of Mn18 under 3J impact energy was small, the wear resistance is better [4] . Because of the reciprocal action of impact load, the sample surface became harden and brittle rapidly, which caused serious fatigue wear. Owing to added alloying elements into Mn18 and did modification to Mn18, the carbide particles formed and diffused in the austenitic matrix, the spheroidizing of carbides is one of the major causes for higher work-hardening rate in Mn18, these are very beneficial to improve the hardness of Mn18 surface and reduce cutting and chisel pits wear, at the same time, these will also improve the impact toughness of Mn18 and help restrain the cracks in the surface layer of worn sample from generating and expanding, reducing fatigue wear, thus increasing the wear resistance of Mn18. TEM observation and wear mechanism of worn subsurface. The microstructure of the worn subsurface for Mn18 is consisted of high density dislocations and deformation bands. The deformation velocity during the impact wear process was high which brought about high density dislocations concentrated in the subsurface of the worn sample of Mn18.After the impact abrasive wear, the local deformation, the density dislocations and the work-hardening capacity are higher. We can see from the Fig.5 (a) , under the effect of the impact load, the deformation bands in the worn subsurface crossed and cutted with each other, this indicated that part of the worn surface had bore a large force which prevented slip system from moving, so these induced the formation of the deformation bands which were beneficial to improve the work-hardening capacity of the worn surface. Because of a large deformation to the worn surface, the core part of the worn surface could maintain a certain toughness and the top of the surface got a high hardness at the same time. We can see from the Fig.5 (b) and (c) that there exists obvious dislocations around the deformation bands [5, 6] . The diffusion-precipitation of the spheroidized carbides and the orderly distribution of C-Mn in the austenitic matrix of Mn18 which effectively prevented the start-up of slip system and the movement of dislocation that raised the work-hardening capacity and improved the hardness of the worn surface, so the abrasive wear resistance of Mn18 has enhanced. Furthermore, due to the better impact toughness of high manganese steel Mn18, the worn surface could improve its hardness and get considerable toughness after the impact abrasive wear, therefore, the Mn18 can absorb more impact energy which can restrain the material from peeling off, these induce the improvement of anti-fatigue breaking ability of Mn18.
Conclusions
(1) In comparison, the wear resistance of Mn18 is much better than that of Mn13 in the conditions of high and low impact abrasive wear.
(2) The microstructure of the worn subsurface for Mn18 is consisted of high density dislocations and deformation bands. And the deformation bands in the worn subsurface crossed and cutted with each other the deformation bands in the worn subsurface crossed and cutted with each other.
(3) High manganese steel is a new development for austenitic steel, and it suitable for use in stronger impact working conditions.
